Using a single channel electronic cell counter and attached particle size analyzer, leukocyte size distribution histograms were determined on canine, feline, bovine, and equine blood diluted with chloridebased diluent and treated with a conventional stromatolysin. Histograms were usually unimodal, but a few were bimodal. Mean values for mean lysed leukocyte particle volume were 49.2, 51.1, 55.4, and 65.0 fl for canine, feline, equine, and bovine blood, respectively. From inspection of histograms, a lower threshold of 30 fl referenced to latex spheres was interpreted to be appropriate for counting leuko5ytes of these four species simultaneously. Debris below the threshold was seen in many samples and was usually separated from the leukocyte population by a valley touching the histogram baseline at the threshold channel. Debris resulted in a visually detectable threshold failure by extending considerably into the leukocyte size range in 9% of feline, 9% of canine, and 7% of bovine samples. It is recommended that careful establishment of the lower counting threshold will minimize frequency and severity of leukocyte count error associated with failure to exclude debris.
Electronic leukocyte counting procedures require sample dilution and erythrocyte lysis to yield a suspension of leukocyte particles which can be enumerated by the electronic impedance principle. The most commonly used reagent system consists of a chloridebased diluent and a cationic detergent, which acts as a rapid stromatolysin. In this system, erythrocytes and platelets are lysed into sufficiently small particles that they are not detected by properly configured aperture sensing systems. Leukocyte cytoplasmic membranes are also lysed, but some cytoplasmic material and nuclear contents condense into a particle having volume about 10 to 20% of the original cell's volume. Degree of shrinkage is not strictly related to the original volume of the leukocyte type.
There are few published reports characterizing behavior of leukocytes from various species in lysing reagent/electronic particle counting systems. The lower counting threshold on single channel electronic counters with variable thresholds is usually established by visual inspection of the oscilloscope display. The appropriateness of this technique has not been evaluated with respect to heterogeneity of both species and samples. In cats, falsely increased electronic leukocyte counts have been seen.3 It was speculated that the interfering particles were platelet clumps. However, the frequency and causes of interfering particles resulting in such threshold failures have not been evaluated in cats or other species. Additionally, the absolute lower threshold size relative to a reference particle is not well characterized for counting leukocytes of various species. Mean lysed leukocyte particle volume for dogs, cats, horses, and cows has been reported on a multi-channel instrument employing a commonly used reagent system with a short, but consistent, regent contact time.5 Equine leukocyte subpopulations have been examined in modified lysing reagents.' Knowledge of various animal species' leukocyte particle size behavior is important for adapting an increasing number of instrument designs and reagent formulations to veterinary hematology. This information is useful to users of multi-channel and single channel cell counters having a fixed threshold of known size, or a variable threshold scale which can be adjusted by a dial, respectively. Newer single channel counters, such as the Coulter Counter Model ZM, have threshold scales which may be calibrated so that the threshold settings may be easily read in absolute volume rather than arbitrary dial divisions. It is probable that refinement of lower threshold placement from analysis of particle size distributions will minimize the problem of threshold failures. This study characterizes lysed leukocyte histograms in chloride-based diluent and stromatolysin reagent, establishes a lower leukocyte counting threshold value referenced to latex particles, and estimates the frequency of leukocyte threshold failures identifiable on histograms.
Materials and Methods
Blood samples from 100 dogs, 100 cats, 100 horses, and 75 cows were used for the study. All samples were collected in K,EDTA vacuum tubes (Vaccutainer, Becton-Dickinson Co., Rutherford, NJ) and analyzed within 3 hours of collection. Leukocyte histograms were generated on each sample, using a single channel counter (Coulter Counter Model ZM, Coulter Electronics, Inc., Hialeah, FL) with an attached particle size analyzer (Channelyzer C-1000, Coulter Electronics Inc.). Blood was diluted in chloride diluent and treated with stromatolysin (Isoton I1 and Zap-oglobin 11, Coulter Electronics Inc.) as is done for a standard leukocyte count. Each sample was diluted and loaded on the sampling stand within 60 seconds to reduce size variation associated with reagent contact time. The particle size distribution histograms were generated in less than 15 seconds. Pertinent settings and information for the counter-channelyzer system included: Blood samples with leukocyte concentrations less than l,OOO/ pl were analyzed with a peak channel count of 100. The counter and channelyzer threshold scales were calibrated with 66 fl latex particles (Coulter Electronics Inc.). Channelyzer data were reduced and stored by a microcomputer (Apple 11-Plus, Apple Computers Inc., Cupertino, CA) and software package (Accucomp C-1000, Coulter Electronics Inc.). The mean cell volume and other population statistics were determined between 30 and 130 fl The counter threshold was monitored for each sample by visual inspection of the histogram. Hardcopy of the histogram and population statistics was printed for each sample.
Results
Most leukocyte histograms were unimodal, with varying degrees of skewing to the right ( Fig. 1 ). Rare samples of each species had a bimodal distribution, due to a second, large, symmetrical population of particles ( Fig. 1 ). The larger population was interpreted to represent neutrophils, based on the relative number of particles present. Equine samples had a clean baseline between the left vertical axis (approximately 10 fl) and the threshold. A descending tail of particulate debris in the 10-30 fl size range was frequently seen on histograms of dogs, cats, and cows ( Fig. 2 ). Between this debris and the leukocyte histogram, a valley very close to, or touching, the baseline at the threshold channel was usually achieved. Samples from nine dogs, nine cats, and five cows had leukocyte histograms judged to have variable degrees of leukocyte threshold failure, which would be expected to result in a false high leu- kocyte count. This was due to extension of debris from the left side of the histogram into the leukocyte size range, obscuring the baseline at the threshold (Fig. 3) . The degree of extension of debris into channels above the threshold was considerably greater for feline samples than for canine and bovine samples.
Dogs and cats had the smallest lysed leukocyte volumes, while those of the horse and cow were somewhat larger ( Table 1) . By visual inspection of histograms, the most appropriate placement of the lower threshold was approximately 30 fl referenced to latex spheres. This allowed inclusion of the total histogram in channels greater than the threshold channel on all samples. Additionally, this threshold channel bisected the valley between leukocytes and smaller, potentially interfering particulate debris.
Discussion
Following are recommendations to minimize threshold failure problems associated with use of electronic leukocyte counters. First, the instrument's lower threshold should be established at about 30 fl using latex spheres. Second, threshold placement relative to leukocyte histograms should be visually verified with a particle size analyzer. Because the dog has the smallest lysed leukocytes, this should be done using canine blood. It is desirable to use one threshold to count leukocytes for all species. This is especially important for multi-channel instruments which have a fixed threshold, and the particle to threshold relationship may be modified only by changing the aperture cur-~e n t .~.~ Feline lysed leukocyte volume was almost the same as for the dog, and larger leukocyte volumes of the horse and cow were positioned satisfactorily with respect to a threshold established for canine leukocytes. Third, for feline blood, leukocyte counts should be monitored for major error while examining blood films. It is likely that clinically important error will occur in a small proportion of electronic leukocyte counts on cat blood. Manual hemocytometer counts should be done when error is suspected in the electronic count. On advanced automated systems with histogram capability, the operator may be alerted to the presence of threshold failures, which may then be handled by laboratory protocol.
In this study, an absolute lower threshold of 30 fl referenced to latex spheres was the most appropriate single threshold volume for counting leukocytes of all species. A threshold less than this value would increase the frequency and severity of threshold failures as a result of inclusion of small particles from the tail of debris descending from less than 10 fl. A greater threshold value would exclude smaller leukocyte particles from the count for dog and cat blood. The 30 fl threshold recommended for single channel counters was very close to the 28 fl effective threshold estab-lished for an automated multi-channel instrument modified for veterinary use.5 In that report, mean lysed leukocyte particle volume was about 10% greater for each species than means reported here. This may have been due to the relatively short reagent contact time of the automated in~trument.~ The manufacturer of the above instruments and reagents states that the leukocyte population is stable with respect to the threshold for at least 30 minutes. The major shrinkage appears to occur within the first few seconds of reagent contact and mixing, but it is likely that larger particles in the distribution continue minor shrinkage for some time. It is suspected that lymphocytes rapidly shrink to form the smallest population of particles at the threshold. Other cell types shrink slower into the lysed lymphocyte size range. It appears that no cells shrink below the threshold size within 30 minutes.
Schalm3 indicated that electronic leukocyte counts in cats were unreliable and recommended they be done exclusively by hemocytometer. It is likely that the threshold setting in early counting work was considerably lower than 30 fl, resulting in a high frequency of false high leukocyte counts. In the present study, counter threshold failures were seen in only 9% of feline samples. Cats are apparently not unique in this respect. Threshold failure occurred with approximately the same frequency in dogs and cows, although visual inspection of histograms suggests the degree of failure is less than that seen in the cat. The occurrence of this error in a small proportion of samples is difficult to detect without a channelyzer display. It appears that leukocyte threshold failures are not a problem in the horse.
No attempt was made here to quantify the magnitude of error associated with threshold failures. Error quantification in another series of samples analyzed on a multi-channel instrument using similar reagents indicated 14% of feline samples had threshold failures, which resulted in falsely high leukocyte counts averaging 44Y0.~ In contrast, threshold failures recognized in 8% of dog and 10% of cow samples resulted in falsely high leukocyte counts averaging only 5y0.~ False high leukocyte counts of greater magnitude may occur in these species if the threshold is placed considerably lower than 30 fl.
The cause of the tail of debris which may cause interference at the threshold is uncertain. Clumped platelets may be the cause in cats. However, this is difficult to conceptualize. As usually seen on blood films, large platelet clumps would be present in a very low particle concentration compared with leukocytes, and their size would be considerably larger than the 30 fl threshold size. Feline mean platelet volume values are normally 12-18 fl and may be considerably greater with hematologic stimu1ation.*v6 A clump consisting of a few platelets could conceivably shrink to a particle in the 10 to 40 fl size range in lysing reagents. However, this pattern of platelet clumping is rarely recognized on blood films in a concentration sufficient enough to influence the leukocyte count. It is suspected that the interfering tail may represent mass coincidence of a very large concentration of particles smaller than 10 fl. One possibility is that in some samples, there is suboptimal erythrocyte lysis, leaving portions of membrane larger than usual. While the individual particles would be small, their very high concentration could produce coincident interference at a larger size. Perhaps membrane crosslinking associated with oxidative injury could result in larger than normal particles in lysing reagents. More investigation on platelet and erythrocyte behavior in lysing reagent systems is necessary to elucidate the nature of interfering particles.
The cause for bimodal leukocyte distributions in a few samples is not known. Examination of differential count data and blood films yielded no unusual findings. It is suspected from the proportions of cells in the bimodal distributions that the unusually large population is neutrophils.
